Experimental measurements .of basal dislocation mobility and the strainrate sensitivity of the flow stress have been made on 99.999% pure zinc single crystals. Dislocation mobility in the [l2l0] (0001) basal slip system was measured by observing slip band growth produced by load pulses of controlled amplitude and duration. Local rearrangement of dislocations occurs at a resolved stress of 7 lb/in 2 . Slip bands are formed at stresses greater than 7 lb/in2, and their growth velocities are in the range of 7 to 80 em/sec for sh~ar stresses between 7 and 12 lb/in2. The results of th~ experimental measurements of dislocation mobility are discussed in relation to current theories . A comparison of the strain-rate sensitivity and the mobility measurements shows that a significant change in the density of moving dislocation~ is associ--ted with a change in strain-rate. This change in density has generally been ignored by previous investigators. A dislocation model is proposed to explain th~ obser~strain-rate sensitivity .
achieved when dislocation mobility studies have been conducted on these classes of metals.
The direct determination of dislocation velocity by etch pit techniques is very tedious and requires a reliable etching technique for revealing dislocations in every material of interest. Since reliable techniques are not available for many materials, there is a great need for indirect experiments which can be used to deduce the stress dependence of the dislocation mobility.
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The 7/8 in. diameter crystals were acid sawed into• sections u s ing 8N HN0 3 on a stainless st e el wire. The crystallographic orientation o f e ach section was found by observation of the orientation and markings on a cleava ge surface of the crystal. Cleaving was done in liquid nitrogen with a n e edle struck by a light hammer. The cleavage surface established the (0001) basal plane and cl e ava g e steps, which were found to correspond to twinning traces, were used to establish the [l2l0] direction in the (0001) plane. These cleavage steps were probably formed by basal cleavage within twinned material.
Test specimens in the form of 1/2 in . cubes were machined from acid sawed and cleaved sections with the use of a Servomet Electric Spark Discharge Machine. The spark machining consisted of trepanning and planing operations at minimum spark energy settings. All spark machining operations were done in oil at 200° -210° F to prevent cleavage cracks. The damage produced by spark discharge machining and the methods used to reduce such damage have been described by Turner et al (9) .
Test specimens with two different orientations of the basal slip plane with respect to the load axis were used. Figure 1 shows the two orientations of the specimens, all of which have a set of (lOlO) prism surfaces . The (1010) surfaces were used to reveal basal dislocations by the etching technique of Brandt et al ( 10) .
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The machining operations resulted in specimen surfaces which were parallel to within 0. 1°. The surface finish achieved by spark planing was of the order of 10~ in r.m.s. The manner in which the test specimens were machined resulted in some uncertainty in the orientation of the basal slip system with respect to the specimen surfaces on which compressive forces were applied during subsequent testing. This crystallographic uncertainty was sufficiently small to produce a maximum uncertainty in basal resolved shear stress of ± 1% .
Damage to the specimens resulting from the spark machining operations was removed chemically by polishing off approximately 0.005 in. of material and annealing at 700° F in a purified hydrogen atmosphere for 4 to 8 hours . The lo~ ing surfaces were masked with tape during the polishing to retain a flat surface .
Velocity measurements
A standard method f or determining dislocation mobility by etch pit techniques has been used by many investigators (1, 2, 3, 4, 5, 6) . Generally the method involves scratching a well annealed crystal to introduced fresh unpinned dislocations in a known region in the vicinity of the scratch. A stress pulse of known amplitude and duration is then applied. The specimen is re-etched to determine the final location of the dislocations in the scratched region and a dislocation v el ocity is computed from the measured dislocation displacement and time duration of the pulse test. The successful use of this standard method usually requires that only dislocations induced by the scratch move during the application of the load and that dislocation displacements produced are small compared to the average distance between grown-in dislocations so that the fres h dislocations can be differentiated from the background dislocation density.
The standard method was us e d in the present investigation with some minor variations and additions. In most .cases, however, pulse tests were conducted without the introduction of fresh dislocations prior to the test. The reason fo r this will be discussed subsequently.
Each specimen was etched prior to a pulse test and after the introduction of intentional damage, if any, and replicas were made of the etched surfaces to record the initial dislocation density and configuration on (lOlO) prism surfaces of the specimen. Replicas were made using a replication solut i on ob tainrl from Ladd Industries and 0 . 005 in . thick cellulose acetate film. The transparent replicas were subsequently coated with a vapor deposited layer of aluminum at vacuum pressures of less than 5 x 10-5 mrn of Hg. An optically opaque film of aluminum was sufficiently reflective for optical examination with a metallurgical microscope and was not so thick as to obscure details on the replicas at magnifications less than 500X. 
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Prism surface of test specimen prior to pulse testing shown damage produced by two scratches. Line indicates [i2iO] direction Magnification XlOO.
/ Fig. 2 is a photomicrograph of a replica taken prior to testing. The backg round density of dislocations in Fig. 2 is generally representative of the density found in all the as-grown, annealed specimens used in this investigation.
Aft e r pulse testing, the specimens were re-etched and again replicated.
The elapsed time between test and re-etch was usually limited to less than 3 min to minimize dislocation rearrangement . Mercury introduced during the initial etch was sufficient to cause etch pits to form during the second e tch (1~.
The number of pulse tests that could be conducted before the specimen had to be annealed was determined by the amount of deformation or increase in dislocation density produced in a series of tests and by the conditions of the (lOiO) specimen surfaces after several re-etching operations. In several cases, as many as twenty pulse tests were conducted on a specimen before high temperature annealing was required because tQe dislocation density had reached too high a level.
Before annealing specimens which had been previously etched, a vacuum treatment was required to remove the mercury from the surfaces. Specimens were -6 -5
placed in a vacuum of 10 to 10 mm of Hg for 8 h for this purpose. Subsequent annealing was carried out in a purified hydrogen atmosphere at 700° F for 4 to 8 h. This annealing procedure was also used after each strain-rate sensitivity test to return the specimen to as near its original pretes~ condition as possible.
The pulse load tests were carried out using a special compression test f ixture in the rapid load tensile testing machine of Russell et al (11) . The testing equipment was capable of applying constant amplitude load pulses with a rise time of 2 msec and a minimum duration of 17 msec. Records of load vs time were obtained with a Consolidated Electrodynamics oscillograph using a four leg dynamometer bridge of high output silicon filament strain gages obtained from Microsystems, Inc. An example of a typical load pulse is given in Fig. 3 .
The compression fixture used in connection with a rapid load machine, as shown schematically in Fig. 4 , as· a self-aligning system of spherical seats supported by air pressure. The air bearing feature minimizes alignment errors due to friction between the bearing surfaces and hence reduces the error produce d when the load axis is off the centroid of the specimen. In addition, a shee t of 0.001 in. teflon was used between the loading surfaces of the specimen and the spherical seats to reduce friction and the effect of surface irregularities.
The combined uncertainty in basal resolved shear stress caused by crystallographic orientation uncertainty, specimen alignment error and errors resulting Tracing of a Typical Pulse Load Record from friction in the load bearings was estimated to be less than 5%.
Strain-rate sensitivity
The method used in this investigation for determining the strain-rate sensitivity of the flow stress for basal slip was to determine the incremental change in flow stress caused by a rapid change in strain-rate. Tests were conducted on specimens in which the basal slip system was oriented at 45° to the compression axis as shown in Fig. 1 .
Compression tests were performed in an Instron testing machine and compressive strain resulting from · basal shear was measured with a parallel plate capacitor system connected to a Robertshaw proximity meter. Tracing of oscillograph Record
The load relaxation which occurs when the crosshead is stopped is due primarily to a characteristic of the machine as demonstrated by using a brass specimen which exhibits only elastic strain at the test loads . The capacitance ~ge readings due to elastic strain in the fixture were determined using a brass specimen in place of a zinc crystal specimen. The elastic compliance of the fixture was calculated from the measured capacitance gage readings and the lo~ applied to the brass specimen. The measured elastic compliance and the compl~ ance of the load cell were used to estimate the errors involved in assuming tte crosshead speed ratios were equal to the corresponding plastic strain-rate ratios in tests on zinc single crystals. This was a more accurate means of estimating the errors than measuring strain-rates directly because the load sensitivity of the system was relatively much greater than the strain sensitivity.
The relation between the compressive plastic strain-rate ratio, ~l I €p 2
, and the crosshead speeds, y, is given by
.
where L is the load rate and CT is the total elastic compliance of the system including both ball seats, the load cell and the specimen. For basal strainrate tests, the maximum error in assuming yl .
Y2
was found to be less than 5%, so no correction for elastic strai~ of the system was made in the analysis of the records.
---
Experimental Results

Velocity measurements
Pulse tests performed at resolved shear stresses up to 19 lb/in. 2 and for durations of from 17 msec to 1 sec gave information from which the basal dislocation mobility is deduced. The following general observations were made in these tests:
(1) Stress pulses of amplitude less than 7 lb/in. 2 produced no increase in dislocation density, but some local rearrangement of dislocations was occasionally observed.
(2) Stress pulses of amplitude greater than 7 lb/in.
2 produced an incr~ in dislocation density and in particular, the formation of pile-ups was observed near sub-boundaries. Dislocation sources within the specimen or at the surfaces where the load was applied appeared to operate and cause dislocation pile-ups at the same stress levels that influenced the fresh dislocations produced by scratches. This, in effect, prevented any one-to-one correspondence of before and after dislocation positions from being made. Long, extended pile-ups along basal slip plane traces were observed within the shear stress range of 7 to 19 lb/in. 2 Often the length of an individual pile-up against a
• sub-boundary was much less than the spacing of sub-boundaries, but pile-ups on adjacent sub-boundaries appeared in the same slip plane trace. These pile-ups generally extended to at least one specimen edge and could often be traced a-· cross the entire specimen. In several tests, dislocation pile-ups, which appeared to lie on a single plane, were observed on opposite (lOlO) surfaces of the test specimen. This indicates that dislocations moved a distance equal to the width of the specimen (~ in . ) in the direction normal to the slip vector during the period of the load pulse.
Typical areas showing the dislocation structure before a load pulse, and the pile-ups observed after a load pulse, are shown in Fig. 7 and 8 . The long pile-ups in Fig. 7 extend across the entire specimen.
(3) The number of pile-ups , and the density of dislocations increase as the stress pulse amplitude is increased.
(4) Break-up of some of the substructure is observed at stresses above approximately 15 lb/in. 2 which is the macroscopic yield strength of 99.999%
zinc single crystals (12) (see Fig. 7 ).
The distance along the slip plane from the edge of the specimen to the furthest sub-boundary which exhibited a pile-up was assumed to be the distance traversed by the leading dislocation in the pile-up. The velocity of the leading dislocation was taken to be the distance moved divided by the pulse duration. The results of a series of pulse tests are presented in Table I where T is the resolved shear stress and v is dislocation velocity. Log velocity has been plotted vs log resolved shear stress in Fig. 9 . Points labelled with a caret (A) are measurements on pile-up lengths that extended across the entire specimen face and hence are to be regarded as lower limits for the velocity at the corresponding stress level. The points in Fig. 9 without a caret represent pile-up lengths that extended £rom a load surface into the specimen. Each point represents the maximum velocity calculated for a given test and hence involves the maximum length of all the observed dislocation pile-ups. 
where T is the applied shear stress, n 5 and T equals the shear stress coro responding to a velocity of 1 em/sec and is 5 lb/in. 
Two different functional relationships between the plastic strain-rate, Yp, and the app~ied shear stress were employed in analyzing the strain-rate sensitivity data. The first relation assumes a power law dependence of the I form: ( 5) where c is a constant. The inverse strain-rate sensitivity from Eq. 5 is given by 0 lny p
in terms of the strain-rate after the change, Yp 2 , and that imposed prior to the change, Yp 1 . ~:::.,.. is the jump in stress accompanying the change and ismoch less than the shear stress, '!". The values for n' calculated from the experimental data of one test are given in Table II . A consistent variation of n'
with strain was not found. The mean value for n' and the standard deviation from the mean are listed in Table III 
0 ln lp
where ,.. 2 is the stress immediately after the strain-rate change and -r 1 is the stress immediately prior to the strain-rate change. Measurements of the load immediately before the "machine on" part and after the "machine off" part of the strain-rate cycles were used to determine the values of Tf for a given set of strain-rate changes. Figure 11 shows schematically a typical load-time curve obtained experimentally. The load jumps resulting from increasing The values of m' calculated from the experimental data are given in Table II.   Table III gives mean values and standard deviations from the mean for two ~ts.
A consistent variation of m' with strain was not found.
Discussion Dislocation pile-ups
The great majority of the etch pits which were produced during the pulse loading tests must have been associated with basal dislocations of predominately edge character in view of the following considerations. The specimens The results of the pul s e tests indicate that basal dislocations moved long distances and, in some cases, out of the specimen·at stress levels near the macroscopic flow stress as determined by stress-strain tests. Each dislocation pile-up against a sub-boundary appears as a single, narrow slip band.
These individual pile-ups app~ar to be associated with other pile-ups on the same slip band . These observations imply that one very active dislocation source was responsible for an entire slip line involving hundreds of individual dislocations. Dislocation multiplication of this type would be characteristic of a Frank-Read source located at the surface or within the crystal. In almost all cases the pile-ups were observed to extend from a loaded surface of the specimen which indicates that surface sources are probably more important than volume sources. This may be due to stress concentrations on the surface where the load is applied. In addition, surface sources of a given length are able to generate dislocations at half the stress level of volume sources of the same length. This is a result of "image forces" on a dislocation near a free surface.
The fact that intentional surface damage does not produce active dislocation sources at the stress levels employed in this investigation is a severe handicap in the investigation of dislocation mobility. It is evident that relatively long lengths of unpinned or weakly pinned dislocatio~ exist in the as-grown crystal, and it is difficult to produce more effective sources by surface damage.
Dislocation mobility -
The mobility of basal screw dislocations is of the same order of magnitude as that of basal edge dislocations for the same stress levels at very low strains. This is deduced from the observation that in several pulse tests, pile-ups observed on one of the (1010) surfaces of the test specimen were located on the same slip plane as pile-ups observed on the other (1010) surface within the limit of measurement accuracy. This observation suggests that dislocation loops in zinc expand in a slip plane with the edge and screw dislocation c omponents o f the l oop traveling at about the same rate . This result is --different from that found forLWO) and 3.25% silicon-iron (1) where edge dislocation velocities are much greater than screw velocities at the same stress level. Figure 9 shows that the direct mobility data for zinc may be appropriatcly Thermally activated dislocation motion Figure 10 shows the dislocation mobility data plotted as log velocity against T -T. where T. was taken as 6 lb/in. 2 or the lowest stress at which ~ ~ dislocations were observed to move. The slope from Fig. 11 gives B = 1.45
2 where B is defined by Eq. 4. The mobility relation as represented by Eq. 4 would be expected if the rate determining mechanism is the thermal activation for a glide dislocation to pass some obstacle in the glide plane.
Seeger et al (13) and Friedel (14) have considered this problem and believe that the flow stress for basal glide in hexagonal close-packed crystals is determined by the stress required to overcome the "long-range internal stresses" 
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6U is then about leV for basal dislocations in zinc. This result means that the applied stress is more than sufficient to supply the jog energy required and thus no assistance from the thermal energy of the lattice is required.
The "activation volume" for a thermally activated process which gives rise to a dislocation velocity described by Eq. 10 is the term bdl. This activatim volume is calculated to be 4 x .10-5 cm 3
~ 2 x 10 18 b 3 using the experimentally ./· determined value of B. This value of activation volume is large compared to the value expected if the activation event was the formation or motion of klillis on the dislocation lines or the thermally activated motion of dislocations past impurity atoms. Other thermally activated events which give rise to a dislocation velocity described by Eq. 10 can be eliminated as a controlling factor in zinc on the basis of the unreasonably large activation volume observed.
Lattice resistance to dislocation motion Two possible sources of lattice resistance to dislocation motion in an otherwise perfect lattice have been considered theoretically. Leibfried (16) was the first to consider the dra g on a screw dislocation moving at a constant velocity cause d by the scattering of phonons or sound waves and Eshelby (17) has estimated the drag caused by thermoelastic effects. Lothe (18) has r ecently reviewed and extended the calculations for both effec ts. Lothe concludes that for ' metals the thermoelastic effect is negligible and that Leib- The phonon drag stress on ·a dislocation moving at 25 em/sec in zinc is calculated to be about 1 lb/in. 2 which from the present mobility results is a factor of 10 lower than the observed stress required to move a dislocation at this velocity. Seeger (19) has indicated that the damping constant for an e~ dislocation should be an order of magnitude greater than that for a screw dislocation which would result in a drag stress of about 10 lb/in. 2 for an edge dislocation moving at 25 em/sec . This is very near the value given by the stress pulse tests for a velocity of 25 em/sec. The present results suggest that the drag stress could vary as the velocity to the 1/5 power rather than the fi rst power. Considering the uncertainties i nvolved i n the theoretical calculations, the possibility that the majority of lattice resistance to moving basal dislocations in Zn may be due to phonon scattering cannot be excluded. Stra in-ra t e sensitivity of the flow stress This discrepancy between n' and n is large and clearly shows that the number of moving dislocations changes as a result of a strain-rate change.
An alternative model to explain the results f ound for zinc is proposed where the density of moving dislocations, p , is a function of the difference m between the applied shear stress and the flow stress at zero strain-rate, Tf' or The velocity of a moving dislocation is still regarded as a function of ,-because the average stress experienced by a moving dislocation is independent of Ti (the internal stress must average to zero along a slip plane).
The value of 1". used in Eq. 4 is then equivalent to 1". (0).
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A qualitative picture of the stress difference 1" -Ti as a function of
distance along a slip plane is given in Fig. 12 . Glide dislocations will be i Distance Along Slip Plane is shown for several dislocations. A slight increase iu the applied stress will shift the curve upwards allowing some obstructed dislocations to glide.
The specific number of dislocations released in this manner would depend on the details of the internal stress variation and, in particular, the distribution of points where T -T. goes negative because this stress difference governs l.
whether a dislocation will be released when a given stress change is imposed .
The strain-rate from Eqs. 1, 3, and 11 . is now given as
The experimentally determined · values of (Jln)' ml are given in Table  oln(T -T 
